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Abstract Loop heat pipes are heat transfer devices whose

operating principle is based on the evaporation and con-

densation of a working fluid, and which use the capillary

pumping forces to ensure the fluid circulation. A series of

tests have been carried out with a miniature loop heat pipe

(mLHP) with flat evaporator and fin-and-tube type con-

denser. The loop is made of pure copper with stainless

mesh wick and methanol as the working fluid. Detailed

study is conducted on the start-up reliability of the mLHP

at high as well as low heat loads. During the testing of

mLHP under step power cycles, the thermal response

presented by the loop to achieve steady state is very short.

At low heat loads, temperature oscillations are observed

throughout the loop. The amplitudes and frequencies of

these fluctuations are large at evaporator wall and evapo-

rator inlet. It is expected that the extent and nature of the

oscillations occurrence is dependent on the thermal and

hydrodynamic conditions inside the compensation cham-

ber. The thermal resistance of the mLHP lies between 0.29

and 3.2�C/W. The effects of different liquid charging ratios

and the tilt angles to the start-up and the temperature

oscillation are studied in detail.

List of symbols

A Area (m2)

Q Heat load (W)

R Thermal resistance (�C W-1)

T Temperature (�C)

cond Condenser

cond-fin Fin of condenser

cond-in Condenser inlet

cond-out Condenser outlet

evap Evaporator

evap-in Evaporator inlet

evap-out Evaporator outlet

evap-wall Active zone of evaporator

air Ambient air

Greek symbols

k Thermal conductivity (W m-1 k-1)

h Tilt angle, degree (�)

1 Introduction

A loop heat pipe is a highly efficient heat-transfer device

which does not require any additional regulating actions

from the outside for ensuring its serviceability. Thus, LHPs

offer many advantages over traditional heat exchanger,

such as operability against gravity, over large distance with

minimal temperature loss and no moving parts for pumping

the working fluid, etc. A detailed review of the main

characteristics of LHPs can be found in [1, 2]. LHPs have

been successfully used in space engineering. With

increasing power densities of electric devices, the LHP

technology continues to be an important area of research.

The mLHP with the cylindrical as well as flat evaporators

have been developed and tested successfully. Compared

with conventional cylindrical LHPs, the LHPs with flat

evaporator have more advantages: firstly, it is more con-

venient for the flat-plate type evaporator to connect with

the electronic devices which should be cooled, because

most objects to be cooled have a flat thermal contact sur-

face; secondly, the angle of velocity grads and temperature

gradient is smaller than that of LHPs with cylindrical
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evaporator, from the viewpoint of field synergy principle,

the heat transfer efficiency of flat evaporator is better [3].

So the capability of LHP with flat-plate evaporator for

transferring high heat-flux achieve easily. The LHPs with

flat evaporator can be considered as an optimum design for

compact enclosures as it provide relatively more scope for

design miniaturization.

LHPs provide a unique way for transporting heat using

phase change. The structure of LHPs can be various in

terms of size, geometric shape, relative position, material,

working fluid, charging ratio, etc. The performance char-

acteristics of LHPs are very complicated, the main objec-

tive of the present study is to design and investigate the

start-up phenomenon, steady state performance, operating

characteristic at variable heat load cycles and temperature

oscillation phenomenon of the flat evaporator miniature

loop heat pipe with copper body, stainless mesh wick and

methanol as working fluid. The thermal oscillations are

characterized by the continuous fluctuations in the tem-

perature at different locations of mLHP and thus inability

of the evaporator to attain stable operating conditions.

These oscillations are expected to result from the thermal

and hydrodynamic interaction between the compensation

chamber, condenser and evaporator section [4, 5]. Copper-

stainless steel–methanol combination is chosen for the

present investigation due to the viability and acceptability

of such a system for electronic cooling applications. The

present research also endeavors to test the compatibility of

the copper-stainless steel-methanol system for loop heat

pipe applications.

2 Experimental prototype and test procedure

An experimental prototype of miniature LHP as shown in

Fig. 1 is constructed for carrying out the present investi-

gation (Appendix). The overall system is made up of

evaporator with porous wick, vapor line, fin-tube condenser

and liquid line. The evaporator was made in the shape of

the flat rectangle with the active zone 40 9 30 mm and

thickness of 13.5 mm. There are 15 longitudinal and 18

latitudinal grooves machined on the inside of the evapo-

rator active heated zone which behave as vapor removal

channels and also provide heat to the skeleton of the porous

structure through conduction process. The evaporator is

made from pure copper that provide superior thermal

conductivity and minimal heat spreading resistance from

the source to the porous wick surface. The Fig. 1b illus-

trates the cross section of the evaporator assembly showing

the location of the vapor channels, wick structure and

compensation chamber. The porous wick of evaporator is

4 mm thickness, which is made up of 82 layers 500 grids

stainless steel mesh. The compensation chamber is 6 mm

thickness, which acts as a liquid reservoir and accommo-

dates the extra liquid inventory displace from the other

parts of the loop during start-up and transient operating

A A

B

B
Evaporator

Liquid
line

Vopar
line

Condenser

Fan

Charing
line

Tc1

Tc2

Tc3

Tc4

Tc5

Tc6 Tc7

Tc8

Tc9

Tc10

Tc11

A-A

B-B

Evaporator

CondenserLiquid line

Vapor line

Fan

Tilt angle

Porous
Wick

Compensation
Chamber

O-ring
seal

Liquid
Inlet

Vapor
Outlet

Stainless
Steel Sheet

Vapor
removal
channels

(a) (b)

Fig. 1 Schematics of the mLHP. a Top and side view of the mLHP and the placement of the thermocouple points. b Cross section of the mLHP

evaporator
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conditions. There is a stainless steel sheet with grooves

between the porous wick and the compensation chamber to

sustain the stainless steel wick. The geometric character-

istics of the experimental mLHP are shown in Table 1.

The mLHP condenser is fin-and-tube type with the total

tube length of 810 mm and cross section of 100 9 20 mm

for each fin. A centrifugal fan is used to dissipate heat from

the condenser to the ambient by means of forced convec-

tion of air with temperature of 20 ± 2�C. The vapor line of

the mLHP is 320 mm in length and 4 mm internal diam-

eter. For the return of the condensate to the evaporator, a

liquid return line with the total length of 530 and 4 mm

internal diameter is used. The transport lines and the con-

denser fin are overall made from pure copper. The mLHP is

hermetically sealed by an O-ring seal between the evapo-

rator flanges. For charging, the loop is firstly evacuated to

3.2 9 10-4 Pa and then filled with the predetermined

quantity of methanol whose purity is 99.5%. In order to test

the thermal performance of the mLHP, a heat load

simulator in the form of copper block with two embedded

cartridge heater and active area of 40 9 30 mm is used,

which is uniform to the evaporator. For the purpose of

minimizing heat losses to the ambient, the heat load sim-

ulator is thermally insulated using 10 mm thickness nano-

adiabatic material whose conductivity is just 0.012

W/m K. The temperatures of two sides of the heat insu-

lation have been measured during the experiments.

According to Fourier’s law of heat conduction: Qloss =

-kADT/b, the quantity of heat loss is 0.28 W as the heat

load attains the largest 120 W. So the head load simulator

needn’t equalize, and the absolute error of the heat load is

less than 0.3%. The other parts of the mLHP are not heat

preservation except the heat load simulator and the active

surface of evaporator.

A digital power meter with accuracy of ±0.2 W was

used to measure and control the input power to the heat

load simulator. Twelve T-type thermocouples with ±0.2�C

accuracy are used to measure the temperature at different

locations of the mLHP and the ambient air. Figure 1 also

shows the placement of the thermocouple points. All the

instruments are connected to the Keyence Thermo Pro

2700 data acquisition system which helps to monitor and

record the test data from the mLHP prototype at a time

interval of every 1.5 s.

In this phase of experiments, the mLHP is operated at

the tilt angle (h) of 10, 50 and 90�, and the charging ratio of

50, 60 and 70 vol.% in the cold mode. The procedure of

tests included measurements of temperatures at character-

istic points of the mLHP with a successive stepwise 12 W

increase and decrease of the heat load. And the heat loads

of start-up tests are from 12 W (heat-flux density 1 W/cm2)

to 120 W (heat-flux density 10 W/cm2). For the safety of

tests the maximum heat-load is limited by the value that the

evaporator wall operating temperature reaches 75�C.

3 Result and discussion

3.1 Thermal resistance

Thermal resistance offered by the mLHP (RmLHP) from

evaporator to condenser external surface is used to access

the heat transfer performance of the device. RmLHP is

calculated as:

RmLHP ¼ ðTevap � TcondÞ=Q

where, Tevap is the external temperature of the evaporator

active zone which is measured by taking mean of the

temperatures from the thermocouples fixed on the evapo-

rator external surface (Tevap-wall); Tcond is the condenser

temperature calculated by averaging the readings from the

condenser inlet temperature (Tcond-in), condenser fin

Table 1 Geometric characteristics of the experimental mLHP

Evaporator

Active heated zone

Thickness (mm) 1.5

Length/width (mm) 40/30

Groove thickness (mm) 1

Fin width (mm) 1 9 1

Fin number 18 9 15

Wall

Thickness (mm) 1.5

Stainless steel sheet

Thickness (mm) 0.5

Compensation chamber

Length/width (mm) 34.5/30

Height (mm) 6

Porous wick

Length/width/height (mm) 36.5/30/4

Material 316L

Parameter of mesh 500#, 82 layers

Vapor line

Diameter(O/I) (mm) 6/4

Length (mm) 320

Liquid line

Diameter(O/I) (mm) 6/4

Length (mm) 530

Condenser

Diameter(O/I) (mm) 6/4

Length (mm) 810

Fin thickness (mm) 0.05

Fin length/width (mm) 100/20

Fan rotate speed (rpm) 3,000
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temperatures (Tcond-fin) and condenser outlet temperature

(Tcond-out); Q is the applied heat load.

It is observed in Fig. 2 that the thermal resistance

decreases with the heat load increasing. Figure 2a shows

the effect of tilt angle to the thermal resistance of the

mLHP, it indicates that increasing the tilt angle could

decrease the thermal resistance at the same heat load. The

RmLHP at 90�–60 vol.% operation condition is average

smaller 13.85% than that of 10�–60 vol.% operation con-

dition. The reason is that the condenser temperature is

almost equal as long as the applied heat load is same, but

the evaporator temperature is concerned to the tilt angle.

The mLHP at bigger tilt angle could utilize gravity to push

the working fluid into the compensation chamber, which

increases the thermal capacity of the evaporator, otherwise,

there is less force to drive the system for the less working

fluid in the condenser and the larger gravity used, which

decreases the vapor pressure. The less vapor pressure

means lower vapor temperature and evaporator external

surface temperature.

Figure 2b presents the thermal resistance of mLHP at

different charging ratios, different heat loads and the same

tilt angle. It indicates that the thermal resistance of the

mLHP is greatly influenced by the fluid charging ratio. The

thermal resistance decreases with decreasing the charging

ratio. In the same condition of 50� tilt angle, the thermal

resistance of 70 vol.% charging ratio is average larger

37.45% than that of 50 vol.% charging ratio at different

heat loads. The reason is that the mLHP need larger vapor

pressure to drive the loop for the larger quality of working

fluid at larger charging ratio. The larger vapor pressure

means the higher vapor temperature and evaporator exter-

nal surface temperature, but the condenser temperature is

almost equal at the same heat load.

On the basis of analysis above, the thermal resistance of

the mLHP decreases with increasing the heat load,

increasing the tilt angle and deceasing the charging ratio.

The thermal resistance of the mLHP lies between 0.29 and

3.2�C/W in all conditions.

3.2 Start-up tests

The start-up performance is very critical in evaluating the

reliability of the mLHP. Figure 3a–d respectively show the

start-up of the mLHP at heat loads of 12, 30, 60 and 120 W

in the condition of 50� tilt angle and 50 vol.% charging

ratio. It is clear from the start-up trends that the mLHP is

able to achieve steady state conditions at both low and high

heat loads. The start-up profiles demonstrated by the loop

for different heat loads are more or less similar except that

the start-up time and temperature. From the comparison of

the start-up profiles, the start-up performance of mLHP

contains three main processes as shown in Fig. 3a–d: (I)

clearing off the liquid from evaporator grooves, vapor line

and part of condenser, the I-zone is the first part of the

start-up time; and (II) generating enough pressure differ-

ence across the porous wick that is necessary to drive the

working fluid around the loop, the II-zone is the second

part of the start-up time; (III) the mLHP system achieve

steady state or temperature oscillation state. For the loop,

the start-up time is the actual time required to accomplish

these processes. The first condition is achieved by the

vapor generation inside the evaporator which helps to push

liquid from grooves, vapor line and portion of condenser to

the compensation chamber. It is shown in curve that the

time from start to Tevap-in fallen to the first low peak. In

order to realize the second condition, steady temperature

difference across the porous wick is necessary. The tem-

perature gradient across the porous wick depends on

hydraulic losses inside loop except porous wick, thermal

characteristics of wick and hydrodynamic conditions inside

compensation chamber which includes vapor fraction,

parasitic heat load from evaporator, subcooled liquid flow

rate from condenser and the heat loss to ambient air. It is

Fig. 2 Thermal resistance at different heat loads
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Fig. 3 Start-up of the mLHP. a h = 50�, 50 vol.%, Q = 12 W. b
h = 50�, 50 vol.%, Q = 36 W. c h = 50�, 50 vol.%, Q = 60 W. d
h = 50�, 50 vol.%, Q = 120 W. e h = 50�, 60 vol.%, Q = 60 W. f

h = 50�, 70 vol.%, Q = 60 W. g h = 10�, 60 vol.%, Q = 60 W.

h h = 90�, 60 vol.%, Q = 60 W
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shown in curve that the time from Tevap-in fallen to the first

low peak to the second one. It is noted that completion of

the first condition must to lay grounds for satisfying the

second condition. After the start-up, the loop temperatures

adjust themselves to a steady state or to a periodically

oscillating state.

3.2.1 Effect of power load to start-up

Figure 3a–d present the start-up of the mLHP at 50� tilt

angle, 50 vol.%, and the heat load of 12, 36, 60 and 120 W

respectively. The temperature of evaporator increases with

the heat load increase. It is obvious that the I-zone and II-

zone of start-up time decrease with the heat load increas-

ing. At low heat load, the vapor generation process inside

the evaporation zone is slower than that at high heat load,

which increases the start-up time. The results of start-up

show that the mLHP could achieve steady state in different

heat load.

3.2.2 Effect of fluid charge to start-up

The charging ratio of the liquid inside the loop plays an

important part in prevention the start-up failure of the

mLHP device. It was experimentally observed in [6] that

liquid charging ratio from 50 to 80 vol.% was acceptable

for the reliable start-up and steady state operation of the

loop. For lower charge (\50%), there are consequences of

wick dry out due to inadequate liquid inside the compen-

sation chamber where for higher charge ([80%), the active

condenser area is not sufficient for heat removal.

Figure 3c–f present the start-up of the mLHP at heat load

of 60 W, 50� tilt angle and 50, 60, 70 vol.% charging

ratios, respectively. It is clear that the condenser tempera-

tures are almost equal, but Tevap-out - 70 vol.% [ Tevap-out

-60 vol.% [ Tevap-out - 50 vol.%. The reason is that the

mLHP need larger vapor pressure to circulate the loop for

the larger quality of working fluid at larger charging ratio, so

the evaporator temperatures of larger charging ratio are

higher than those of less charging ratio condition. There is a

little superheating before reaching steady state in Fig. 3f.

The reason is that the second process of start-up needs larger

pressure difference to drive the loop which increases the

superheat of vapor. The experimental results indicate that

the start-up time of less charging ratio is shorter than that of

larger charging ratio.

3.2.3 Effect of tilt angle to start-up

In the gravity environment, a tilt modification will change

the working fluid distribution, especially inside the com-

pensation chamber and the evaporator core. Figure 3e–h

show the start-up of the mLHP at heat load 60 W, 60 vol.%

charging ratio and 50, 10, 90� tilt angles, respectively. The

temperature of the evaporator decreases with the increase

of tilt angle. The reason is that the system could utilize

more gravity to drive the cycle, which decreases the

pressure difference of the cycle and the saturation tem-

perature of evaporation. Moreover, the tilt angle modifi-

cation changes the start-up time of the mLHP. It is noted

that the start-up time decreases with the tilt angle increase.

The reason is that the saturation temperature decrease for

the increase of tilt angle, which shorten the I-zone time,

and the pressure difference across the wick decreases due

to gravitational head, which shorten the II-zone of start-up

time. So the larger tilt angle is useful for start-up of mLHP.

3.3 Temperature oscillation

Temperature oscillation is a rather wide-spread phenome-

non accompanying the mLHP operation. The investigations

conducted make it possible to differentiate three main types

of the LHP operating temperature [7–13]. The first of them

is characterized by a low-amplitude (no more than 1�C)

and a high-frequency; The second type is also character-

ized by a low-amplitude (no more than several centigrade)

of temperature oscillation, but their cycle is longer and

reaches several minutes; The third type is distinguished by

high amplitude of temperature oscillation, which reaches

tens of degrees, and a still longer period, which may be

equal to tens of minutes.

The Fig. 4 shows the temperature oscillation of the

mLHP at some operation conditions. It is shown the peri-

ods are same and the amplitudes are different at each zones

of mLHP. It is experimentally observed that the tempera-

ture oscillation is relative to the applied heat load, title

angle and charging ratio. In general, the temperature

oscillation phenomenon occurs at low heat load, it disap-

pear when the heat load is larger than 48 W as shown in

Table 2.

The temperature oscillation is weak at charging ratio

50 vol.%, the amplitude and periods become larger and

longer with the increase of charging ratio, it is fierce at

charging ratio 70 vol.%, sometime the amplitude of tem-

perature oscillation beyond 10�C. The temperature oscil-

lation is weakened with the increase of tilt angle as shown

in Table 2.

3.4 Performance tests of mLHP at power cycles

The mLHP is operated under different heat load cycles to

validate its operational reliability and transient response to

the changing heat loads. In these tests, the heat load is

varied in fixed step 12 W (heat flux density 1 W/cm2) from

12 to 120 W. The performance tests at different charging

ratios and tilt angles are shown in Fig. 5.

272 Heat Mass Transfer (2009) 46:267–275

123



It can be observed that for all the tested heat profiles the

mLHP performed very efficiently and presented very fast

response to the step changes in heat loads. For each run,

the steady state is achieved within short transient period of

2–3 min following the change in the input heat load.

Comparing with the temperature oscillation when the

heat load decreases from high-heat-load steady zone

(III-zone) to the mid-heat-load oscillation zone (II-zone),

the temperature oscillation is fiercer than that of the heat

load increases from low-heat-load steady zone (I-zone) to

the mid-heat-load oscillation zone. When the heat load

increase from I-zone to II-zone, the liquid is charging

into the compensation, the subcooled liquid cools the

vapor and the evaporator wall, the power of the vapor

decreases quickly. And when the heat load decrease from

III-zone to II-zone, with the decrease of mass flow rate,

Fig. 4 Temperature oscillation of mLHP. a h = 10�, 60 vol.%, Q = 24 W. b h = 10�, 60 vol.%, Q = 30 W. c h = 10�, 60 vol.%, Q = 36 W.

d h = 50�, 60 vol.%, Q = 30 W. e h = 90�, 60 vol.%, Q = 30 W. f h = 10�, 70 vol.%, Q = 24 W
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the bubble generates in the compensation chamber and

decreases the subcooled liquid into the compensation

chamber from condenser, meanwhile, the evaporator wall

release heat capacity which quickens the bubble growing

velocity and increases the quantity of bubble. The rate of

bubble growth or dissipation inside the compensation

chamber dictates the characteristics of the temperature

oscillation.

As temperature oscillation occurrence, the temperature

of evaporator wall reaches so high shown in Fig. 5c, even

though the applied heat power is low. So sometimes the

electronic device could invalidate at low heat load when

the mLHP occurs temperature oscillation. It is significative

to research the zone of temperature oscillation occurrence

zone and the mechanism of the temperature oscillation of

mLHP with flat evaporator.

4 Conclusions

In this paper, experimental investigation of the minia-

ture loop heat pipe with flat evaporator, air cooling

fin-tube condenser, and copper–stainless steel–methanol

configuration is conducted. The main outcomes of the study

can be summarized as follows:

• The start-up time of mLHP increases with the decreases

in the value of the applied heat load.

• The temperature of the mLHP increases with the

charging ratio increasing, for the system needs larger

superheat vapor to drive the loop, and it also increases

the start-up time.

• With the tilt angle decrease, the temperature of the

evaporator increases and the start-up time increases.

• The thermal resistance of the mLHP(RmLHP) decreases

with the increasing of the applied heat load.

• The RmLHP decreases with the increase of the tilt angle.

• The RmLHP increases with the increasing of charging

ratio.

Table 2 Amplitude and periods of the temperature oscillations of

Tevap-wall at different operation conditions

Operation

condition (W)

Amplitude (�C) Periods (s)

h = 10�
60 vol.%

18 4.05 320

24 7.27 392

30 8.08 415

36 8.46 540

h = 50�
60 vol.%

24 3.73 135

30 4.93 148

36 5.49 198

h = 90�
60 vol.%

24 4.85 212

30 6.03 210

36 1.34 64

42 1.65 75

h = 10�
50 vol.%

24 2.81 605

36 2.42 114

48 1.32 55

h = 50�, 90� 50 vol.% No obvious oscillation

h = 10�
70 vol.%

12 1.07 52

24 12.54 540

h = 50�
70 vol.%

12 7.82 258

24 8.3 290

36 11.1 520

h = 90�
70 vol.%

24 6.32 218

36 7.66 162

Fig. 5 Performance tests of the mLHP at power cycles. a h = 10�,

50 vol.%. b h = 90�, 60 vol.%. c h = 90�, 70 vol.%
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• Temperature oscillations are observed throughout the

loop at some low heat load., it disappear when the heat

load is larger than 48 W.

• With the increase of the charging ratio, the temperature

oscillation becomes fiercer.

• With the increase of the tilt angle, the temperature

oscillation is weakened.

• The compensation chamber is the most critical com-

ponent of the mLHP, the rate of the bubble growth or

dissipation inside the compensation chamber dictates

the nature of the temperature oscillation.
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See Figs. 1–5, Tables 1 and 2.
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